Abstract: Due to an increasing interest in esthetics and concerns about toxic and allergic reactions to certain alloys, zirconia was proposed as a new ceramic material in the later part of 20 th century. It has become a popular alternative to alumina as biomaterial and is being used in dental applications for fabricating endodontic posts, crown and bridge restorations and implant abutments. It has also been applied for the fabrication of esthetic orthodontic brackets. This article presents a brief history, dental applications and new methods for fabrication of zirconia improving its mechanical properties. Additionally, the bonding between zirconia and resin cements as well as conventional cementation has been discussed. The methods of the improvement of the bonding strength have also been highlighted.
INTRODUCTION
Zircon has been known as a gem since ancient times. The name zirconium comes from the Arabic "Zargun" (golden in color) which in turn comes from the two Persian words "Zar" (Gold) and "Gun" (Color) [1] . Zirconia is a crystalline dioxide of zirconium. Zirconium oxide was first used for medical purposes in 1969 for orthopedic application. It was proposed as a new material for hip head replacement instead of titanium or alumina prostheses [2] .
Due to an increasing interest in esthetics and concerns about toxic and allergic reactions to certain alloys, patients and dentists have been looking for metal-free tooth-colored restorations. Therefore, the development of new high strength dental ceramics, which appear to be less brittle, less limited in their tensile strength, and less subject to time dependent stress failure, has dominated in the later part of 20 th century. These capabilities are highly attractive in prosthetic dentistry, where strength and esthetics are paramount [3] [4] [5] .
It has become a popular alternative to alumina as biomaterial and is used in dental applications for fabricating endodontic posts, crown and bridge restorations and implant abutments. It has also been applied for the fabrication of esthetic orthodontic brackets [6] . The mechanical properties of commercial yttria stabilized zirconia are given in Table 1 [1]. Thermal expansion coefficient 11x10 -6 1/K Zirconia is organized in three different patterns: monoclinic (M), tetragonal (T), and cubic (C). Pure zirconia is monoclinic at room temperature and remains stable up to 1170°C. Above this temperature, it transforms into tetragonal and then into cubic phase that exists up to the melting point at 2370°C. During cooling, the tetragonal phase transforms back to monoclinic in a temperature ranging from 100°C to 1070°C [1] .
DENTAL APPLICATION OF ZIRCONIA
Although many types of zirconia-containing ceramic systems are currently available [7] , only three are used to date in dentistry. These are yttrium cation-doped tetragonal zirconia polycrystals (3Y-TZP), magnesium cation-doped partially stabilized zirconia (Mg-PSZ) and zirconiatoughened alumina (ZTA).
Zirconia-Based Dental Posts
The requirement for more esthetic posts, especially under all ceramic restorations, has started the development of new post materials (Fig. 1) . In situations where all-ceramic restorations are used for restoring anterior teeth, metal posts may result in unfavorable esthetic results, such as a grey discoloration of translucent all-ceramic crowns and the surrounding gingival margin [8] . Additionally, corrosive reactions with prefabricated posts may cause complications involving the surrounding tissues and oral environment, including a metallic taste, oral burning, sensitization, oral pain, and other reactions [9] . These concerns have led to the development of white or translucent posts made of zirconia and other ceramic materials. A number of researchers have introduced stabilized zirconia ceramic for the fabrication of post systems [8, 10] , because they have higher strength and fracture toughness than other ceramics. Zirconia posts are available as smooth, tapered and parallel, or tapering at apex and parallel at the coronal aspect. They are rounded at the apical zenith to minimize stress concentration at the root apex.
Other varieties include polyester with 65% zirconium fibers, with lower Young's modulus and stiffness compared with pure zirconia, but without compromising the advantageous light transmission properties [11] . Zirconia posts which can be used with both direct and indirect techniques, are highly biocompatible, radiopaque, and have excellent light transmission via both the root and coronal restoration.
Kakehashi et al. [12] experimented with zirconia ceramic post clinically and reported that the zirconia post showed a high success rate. Likewise, Paul and Werder [13] investigated zirconia posts and observed good clinical success of zirconia posts with direct composite cores after a mean clinical service of 4.7 years.
The mechanical properties of zirconia posts were tested in in vitro study by Kwiatkowski and Geller [14] . Their results demonstrated that the zirconia posts had higher strength compared to those reported for other all ceramic post and cores.
Zirconia posts also offer possible advantages with respect to esthetics and biocompatibility [15] , but have some limitations. They are stiff without any ductility; therefore, difficulties can be encountered when they are in small sizes and when retreatment is necessary [16] . Dietschi et al. [17] reported that the zirconia posts have poor resin-bonding capabilities into radicular dentine after dynamic loading and thermocycling. Likewise, the zirconia ceramic posts showed lower retention values compared to serrated metal posts [15] . Butz et al. [18] showed that zirconia ceramic posts have poor retention into resin cores.
Zirconia-Based Crown and Bridge
The fabrication of zirconia frameworks of either presintered or highly isostatic pressed zirconia for crown and bridge has also been employed [19, 20] , as shown in Fig. (2) . Zirconia frameworks offer new perspectives in metal free fixed partial dentures and single tooth reconstructions because of zirconium's high flexural strength of more than 900 MPa and showed good first clinical results [21] . Tinschert et al. [22] compared survival time of different metal-free core for three unit fixed prostheses and reported that zirconia-ceramic with alumina oxide had the highest initial and most favorable long-term strength. Sailer et al. [23] investigated 58 zirconia bridges fabricated by the direct ceramic machining system clinically. Their results exhibited a survival rate of 84% in a period of 3.5 years. Minor porcelain chipping was reported in 11% of the bridges. Tinschert et al. [24] fabricated 65 zirconia bridges fabricated with the DCSPresident ® system. He and his colleagues observed the zirconia bridges for a mean period of three years and reported a small chipping of the veneering material in 6% of the bridges, which showed a cumulative survival rate of 86%.
Zirconia-Based Implant Abutments
As a result of utilizing the zirconia ceramics for the fabrication of tooth-supported restorations, this encouraged the clinicians to extend its application for implant-supported restorations (Fig. 3) .
Utilizing zirconia as implant-supported restorations is due to the higher toughness and the lower modulus of elasticity of zirconia. In stabilized and transformationtoughened forms, zirconia provides some advantages over alumina in order to solve the problem of alumina brittleness and the consequent potential failure of implants [25] . These abutments are distinguished by their tooth-matched color, their good tissue compatibility, and their lower plaque accumulation [26] [27] [28] [29] . Yildirim et al. [29] compared in their in vivo study 30 zirconia abutments with 51 alumina abutments. They found cumulative survival rates of 100% and 98.1% for each group of implant abutments respectively for an observation period of 28 months. In a prospective study with an observation period of 4 years, Glauser et al. [30] showed also a cumulative survival rate of 100% for 53 zirconia abutments. Kohal and Klaus [31] presented in the literature the first clinical case of an all-ceramic custom-made zirconia implant-crown system, which was used for the replacement of a single tooth. Volz and Blaschke [32] also published the case report of a patient with metal sensitivities who received eight custom-made zirconium dioxide implants restored with metal-free zirconia crowns. In both of the cases that were mentioned above, a successful osseointegration was obtained.
Butz et al. [33] compared unprepared titanium-reinforced zirconia and pure alumina abutments for their outcome under fatigue and static loading. Their results exhibited that titanium-reinforced zirconia abutments showed similar behavior as metal abutments. The authors recommended using titanium-reinforced zirconia abutments as an aesthetic alternative for the restoration of single implants in the anterior region. Nguyen et al. [34] examined the performance of various implant-zirconia abutment combinations under fatigue load in a vitro. They reported that rotational load fatigue testing performance of zirconia abutments is dependent on the abutment diameter.
Nevertheless, a number of clinical studies exhibited the high reliability of zirconia as abutment as well as framework material for implant-borne crowns and fixed dental prostheses. However, the clinical success of zirconia based implant is an obstacle by veneering porcelain fractures. The zirconia fractures are due to technical complication [35] [36] [37] . Additionally, long-term stability of zirconia is questionable. Therefore, the replacement of titanium implant by zirconia implant is controversial [38, 39] . Recently, Guess et al. [40] reviewed the utility of zirconia in fixed implant prosthodontics. They found that clinical long-term success of zirconia in fixed implant prosthodontics is questionable as a result to fracture of the veneering ceramics and the susceptibility of zirconia to aging. Due to scarcity of clinical studies available, the authors suggested evaluating the performance of zirconia abutments and implant-supported fixed restorations before recommending it for using in daily private practice.
Zirconia-Based Esthetic Orthodontic Brackets
Besides the dental applications that were mentioned previously, zirconia has also been applied for the fabrication of esthetic orthodontic brackets [6] . Polycrystalline zirconia brackets, which reportedly have the greatest toughness amongst all ceramics, have been offered as an alternative to alumina ceramic brackets [41] . They are cheaper than the monocrystalline alumina ceramic brackets but they are very opaque and can exhibit intrinsic colors making them less aesthetic. Good sliding properties have been reported with both stainless steel and nickel-titanium archwires along with reduced plaque adhesion, clinically acceptable bond strengths and bond failure loci at the bracket/adhesive interface [42] . However, Keith et al. [6] found no significant advantage of zirconia brackets over polycrystalline alumina brackets with regard to their frictional characteristics.
AGEING OF ZIRCONIA
Under certain manufacturing conditions or more severe environmental conditions of moisture and stress, the resulting zirconia may transform more aggressively to the monoclinic phase with catastrophic results as shown in Fig. (4) . All transitions which occurred between the different crystalline reticulations are due to the stress applied on the zirconia surface, and this produces a volumetric change in the crystal. Such a "high metastability" is obviously undesirable for medical implants. This mechanical property degradation in zirconia, due to the progressive spontaneous transformation of the metastable tetragonal phase into the monoclinic phase, is known as "ageing" of the material [43] [44] [45] .
A slow transformation as mentioned previously occurs when Y-TZP comes in contact with water or vapor [44] , body fluid or during steam sterilization [46] , which leads to surface damage (Fig. 5) . Non-aqueous solutions with a single-pair electron orbital opposite to a proton donor site can also destabilize Y-TZP, causing strength degradation [44, 45] .
This rapid low temperature degradation mechanism was described by several studies [46, 47] . Sato et al. [45] postulated that the reaction of water with the Zr-O-Zr at the crack tip and the formation of Zirconium hydroxides accelerate crack growth of pre-existing flaws and promote the T-M phase transition.
The increase in monoclinic phase leads to a reduction in strength, toughness and density, followed by micro and macro cracking of the material [47] . Surface degradation of the material during low temperature aging involves roughening, increased wear and microcracking, grain pullout, generation of particle debris, and possible premature failure [48] . Surface elevations take place most likely because of the more voluminous M-phase transformed particles [45] . Craters have also been observed as a result of worn out monoclinic spots on the degraded surface of the material [48] . The strength degradation level varies between TZP ceramic because aging behavior is related to the differences in equilibrium within the microstructural parameters, such as yttrium concentration and distribution, grain size, flaw population, duration of exposure to aging medium, loading of the ceramic restoration, and manufacturing processes [45, 46, 48] . Reduction in grain size and/or increase in concentration of stabilizing oxides can reduce the transformation rate. However, reducing the size of grains too much may lead to the loss of "metastability", and increasing the concentration of stabilizing oxide above 3.5 mol% may allow the nucleation of significant amounts of the stable cubic phase [49, 50] . Lughi and Clarke [51] [52] [53] showed that in zirconia thermal barrier coatings (3Y-TZP and 4.5Y-TZP) obtained by electron-beam deposition; significant amounts of monoclinic (up to 100%, depending on the processing) appear only after only few months in laboratory air at room temperature. Additionally, Sergo [54] showed that up to 25% monoclinic can form at room temperature after only 6 years in 3Y-TZP zirconia/alumina laminates. It has been shown that zirconia loses about 10-50% of its strength due to aging and permanent loading [55] .
FUTURE OPPORTUNITIES IN ZIRCONIA APPLICATION

Zirconia Toughened Alumina
The alumina-zirconia nanocomposites were introduced and had high resistance to crack propagation, which may offer the option to improve lifetime and reliability of ceramic joint prostheses [55, 56] . According to De Chevalier et al. [57] and De Aza et al. [58] , the possibility to synthesis Fig. (4) . "Schematic representing how the t-m transformation of ZrO 2 increases fracture toughness. When a part containing metastable t-ZrO 2 is subject to a remote macroscopic tensile stress, the stress intensification due to the presence of a crack tip is sufficient to transform some tzirconia grains to the monoclinic form. Since this transformation entails a volumetric expansion which is constrained by the surrounding materials, the net result is compressive stress acting on the surfaces of the crack, whose propagation is thus hindered" (From Lughi and Sergo: Dent Mater, 2010; 26: 807-820).
alumina-zirconia nanocomposites has been evidenced by refining powder processing using a new colloidal processing synthesis route.
These new composites can exhibit not only a greater toughness that the monolithic materials previously mentioned, but more important, a greater threshold for the stress intensity factor, under which crack propagation does not take place. This threshold represents an intrinsic property for a given material that gives information of its mechanical behavior in a more realistic way than the widely used toughness, which means only fast crack growth [58, 59] . Although there are relatively low contents of zirconia (10% in volume) in this composite, they show similar hardness values as that of alumina and are not susceptible to the hydrothermal instability observed in some cases of stabilized zirconia bioceramics (low temperature degradation) as reported by De Aza et al. [56] .
The current laboratory and clinical trials, regarding zirconia implants, as well as zirconia based all-ceramic crowns and fixed partial dentures, are encouraging and promising so far, presenting that this new ceramic material could offer optimal basis for an esthetical restoration of missing teeth.
Fabrication Process: Computer-Aided Design and Computer Aided Manufacturing
For over three decades, evidence to support the validity of oral implants as a treatment option to replace missing teeth has been accumulating. The impressive performance of oral implants has motivated manufacturers and researchers to propose more innovative and convenient treatment protocols. More recently, one of the major developments in implant prosthodontics has been the adoption of engineering principles in the form of computer-aided design and computer aided manufacturing (CAD/CAM) to construct implant prosthesis [60] [61] [62] .
Implant CAD/CAM abutments and frameworks have been reported to be consistently better fitting than conventional cast components [63] . Likewise, the rotational freedom for CAD/CAM abutments was reported to be less than 3 ∘ regardless of abutment materials [64] . With implant frameworks, CAD/CAM production has been reported to be at least as accurate as the most accurate implant framework fabrication method and with a tendency to provide the most consistent outcome [65] .
With implant abutments, when comparing the fracture resistance of titanium and zirconia abutments in vitro, titanium abutments have been found to be more durable [66] [67] . It was also found, however, that zirconia abutments were durable enough to withstand an applied occlusal load in the range of 300-460N [68] [69] [70] [71] .
Zirconia abutments and frameworks benefit from full customization as this will ensure minimal zirconia adjustment and maximal material bulk for durability. Kohal et al. found that modifying the zirconia stock abutments with a diamond bur caused a decrease in the fracture strength [72] . Since CAD/CAM produces zirconia workpieces that require no subsequent alteration, unnecessary weakening is avoided. Maximal abutment and framework thickness are desirable and increase the fracture resistance. Following retrieval of fractured zirconia abutments, Aboushelib and Salameh observed that 2 out of 5 abutments are fractured due to over reduction of the axial walls [73] . Further, Nguyen et al. reported that wider CAD/CAM abutments are less likely to fracture than narrower abutments [74] . Similarly, Ohlmann et al. found that thickened zirconia frameworks exhibited higher fracture resistance [75] .
Functionally Graded Concept
The development and selection of biocompatible, longlasting, direct-filling tooth restoratives and indirectly prosthetic materials capable of withstand the aggressive environment of the oral cavity, have been a challenge for practitioners of dentistry since the beginning of dental practice.
The concept of functionally graded materials (FGM) has been conceived as a new material design approach to improve performance compared to traditional homogeneous and uniform materials [76] . The concept of FGM has been conceived as a new material design approach to improve performance compared to traditional homogeneous and uniform materials [76] . Ceramics typically exhibit high hardness, low density and weight, brittleness, and excellent high-temperature fracture, creep, corrosion, radiation, wear, and thermal shock resistance. On the other hand, metals are typically ductile, have high tensile strength, high toughness, and high density. Metal-ceramic FGMs can also be designed to take advantage of the heat and corrosion resistance of ceramics and the mechanical strength of metals [77] [78] [79] [80] .
The transition profile between the two materials must be designed in order to achieve the desired function. This makes the FGM a new class of materials, diverse from conventional homogeneous composite.
Development of functionally graded biomaterials for implants for medical and dental applications has been reported [77] [78] [79] [80] [81] [82] [83] [84] [85] . FGM allows the integration of dissimilar materials without formation of severe internal stress and combines diverse properties into a single material system. The development of FGM concept has its origin in the sophisticated properties which arise from materials in nature, such as and bones [86] and teeth [87] . For instance, the design of a bone with a change from dense, stiff external structure (the cortical bone) to a porous internal one (the spongy bone) demonstrates that functional gradation has been utilized by biological adaptation [86] . This bone's structure reflects a biologic evolution and optimizes the material's response to external loading. Thus, optimized structure for an artificial implant should show similar gradation. The same trend has been observed in the development of functionally graded dental implants with the introduction of surface coatings, porosity gradients and composite materials made essentially of metal and ceramics (e.g. hydroxyapatite), which aimed to improve the implant performance in terms of biocompatibility and stress distribution [88, 89] .
Similarly, inspired by the microstructure and mechanical properties of natural teeth, several methods were proposed to mimic the DEJ using synthetic materials. The functionally graded glass/zirconia/glass structure has been reported as alternative for homogeneous zirconia [90] . The coating of the top and bottom of a pre-sintered Y-TZP with a slurry of glassy powder results in an increased damage resistance, translucency, and will also allow etching and silane application for reliable bonding mechanisms. Huang et al. [81] added bioinspired FGM layer between the zirconia dental ceramic and the dental cement and investigated the effects of the functionally graded layer on the stress in the crown and its surrounding structures. From their results, the functionally graded layer was shown to promote significant stress reduction and improvements in the critical crack size. From their study, they concluded that the low stress concentrations were associated with the graded distributions in the dentin-enamel junction. Subsequently, Niu et al. [85] also showed similar reductions in stress concentrations in simulations using a bio-inspired functionally graded material layer. Their experimental work demonstrated the processing of such functionally graded multi-layers and the increased critical loads in dental multilayer structures with FGM structures.
Recently, Abu Kasim et al. [91] patented three types of multilayered composite materials that were produced using powders of zirconia (ZrO 2 ), alumina (Al 2 O 3 ), hydroxyapatite (HA), and titanium (Ti) to develop newly designed functionally graded dental post. Likewise, Abu Kasim et al. [92] also investigated the stress distribution of a newly designed functionally graded dental post which consisted of multilayer design of ZrO 2 -Ti-HA and was compared to posts fabricated from homogeneous material such as titanium and zirconia. They reported that this new dental post exhibited several advantages in terms of stress distribution compared to posts fabricated from homogeneous material. The stress and strain distribution at the post-dentine interface of FGDP was better than that of homogenous posts.
RESIN CEMENT ADHESION TO Y-TZP CERAMIC
The clinical success of cemented restorations has been evaluated by measuring marginal fit and microleakage for many years [93] . In the case of all-ceramic restorations, microleakage has been correlated with the loss of the integrity of the bond to tooth structure, which has been associated with other problems such as secondary caries, postoperative sensitivity, pulpal inflammation, staining and plaque accumulation due to the clinically undetectable passage of bacteria, fluids, molecules or ions between tooth structure and the cemented restoration.
The high strength of the zirconia framework may allow for adhesive bonding or conventional cementation. Since there is a notable problem with chemical bonding with resin to Y-TZP as it is an inert, nonreactive and complex surface with Zr atoms on the outer surface, the core treatment before cementation follows the same requirements as the treatment before veneering. The rough surface due to the manufacturing process may promote an additional micromechanical interlocking of the luting agent [94] . In some cases, for the application of silicating / silanization, good bonding results have been reported [95] , but this bond fails with increasing storage time due to hydrolysis [96] [97] [98] . Other pre-treatment methods are plasma spray treatment, addition of low fusing porcelain layers [99] , tribochemical silica coating [94, 97] , or the use of phosphate acid ester monomers [98, 100] . Nevertheless, sufficient bonding after long term storage was found only for cements that contain phosphate-groups [100, 101] .
Adhesive resins have been developed significantly during recent years with new product generations [102, 103] . It is widely accepted that the key factors in successful bonding to teeth are micromechanical entanglements of monomer resins to etched enamel and dentin by hybridization and thus marginal seal can be improved considerably [104, 105] . Numerous studies suggested utilizing a phosphate monomer containing luting resin which provides significantly higher retention of zirconia ceramic crowns than conventional luting cements [106] [107] [108] [109] .
Bond strength tests have always drawn a lot of scientific attention, and that is also the case with evaluating bond strength of different luting materials to YTZP. It is also well established that the data obtained from different bond strength tests depend on the actual test setup used and that may differ between individual studies. Therefore, the bond strength data substantially vary among different studies. All these interacting variables, i.e. surface pretreatment, silicatizing, silanes, primers and different resins, make direct comparison between different studies very difficult and ultimately irrelevant [110, 111] .
Recently, selective infiltration etching technique was introduced to improve resin cement bonding to ceramic. In this technique, a specific glass infiltration agent was utilized that is capable of diffusing between the grains and results in nano-inter-grain porosity. After rinsing off this agent, the surface of zirconia can create a nano-mechanical bond with an adhesive resin. Additionally, it was the only method capable of maintaining long-term bond strength values after storing in water for four weeks [112] . The bond strength and interface quality achieved using selective infiltration etching could be further improved with special zirconia primers. Silane coupling agents, i.e. silanes, are not able to directly react with the chemically inert zirconia [113] but are functional with selective infiltration etching surface treatment [112] .
CONCLUSIONS
Application of zirconia in various filed of dentistry has been reviewed. This review also focuses on the development and current status of the zirconia that was based on recent reviews. Methods for the improvement and development of properties of zirconia were based on data reported in the literature and on other studies by the authors.
New methods for fabrication of zirconia developed to design new materials are also reviewed. The new trends for improving the mechanical and/or biological properties are alumina-zirconia nanocomposites, computer aided design and computer aided manufacturing and unitizing functionally graded concept. These new trends in the fabricating of zirconia are expected to improve biological and mechanical performance for zirconia.
Recent progress in the improving in biological and mechanical properties of zirconia is reviewed. Although there was major improvement in the mechanical properties of zirconia, further studies are recommended to confirm their properties.
